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SUMMARY

When two immiscible liquids are to be used as rocket propellants
it may be advantagecous to spray them as a fine cmulsion into the combus-
tion chamber. Experimental work has been carried out on nozzles in which
two liquids are caused to form an emulsion by mecens of rotational forces
resulting from the pressurc drop in various swirl nozzles. Modifications
of well known types of swirl atomizers have boen tried, but the best
results have been obtained with a nozzle designed specially for mixing.

Proposals arc made for determining vhether mixing nozzles give results
which arc better than thosc obtained by conventional methods of injection.
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ik Introduction

In order to achieve combustion in a smaller space than that required
with normal methods of injection, Dr. J. Schmidt proposed that a type of
nozzle might be used in which the propellants were mixed to an emulsion
Just before they were sprayed into the combustion chanmber. Some com-
bustion experiments with a conventional type of swirl nozzle were made
to try out this proposal, but the results were insufficient to determinc
the value of mixing nozzles. The tests and calculations described in
this notc were undertsken to obtain additional inf'ormation.

Due to the intimate mixture of the propellants, higher rates of
combustion may be expected by the use of a mixing nozzle. Mixture,
however, must be confined to a small space owing to the danger of explo-
sion in the emulsion. Hitherto good atomization and mixture of propel-
lants in the combustion chamber has had to be effceeted by a number of
small nozzles. With a mixing nozzle of suitabic design it should be
possible to replacc them by a single nozzle. Although the drops may be
larger, they should need no further atomization because it is considered
that they will detonatc on ignition. It is not yct known exactly how
single drops of propellant emulsion burn, but this will be investipated
when faecilities arc available.

At the start of these tests, it seemed almost certain that a simplc
type of nozzle could be used to prepare an emulsion, sincc accorfinm to
the conclusion reached by the Joseph Lucas Rescarch Laboratorics "The
actual atomization at high pressure is primarily due to micro-turbulence
resulting from thec very high throat velocities."

An attempt was made to examine the bchaviour of a mixturs of
propellants in the usual type of swirl nozzle by replacing partc of' the
steel nezzle by glass, but little could be seen spart from the fact that
an cmilsion was formed. As the emulsion is turbid the mechanism of
formation cannot be studied, and it is still not known how the opposing
forces of centrifugal force and friction interact upon the drops of
denser and lighter immiseible liguids. BEBarlier investigations in this
subject, hiwevcr, show what happens when only one liquid passcs through
the nozzlels?

2 Performance of a simple swirl notzle used an an emulsifier

2.1 Apparalus

4 nozzle from . hydrogen peroxide "steam pgenerator" was used for
these tests. This nozzle (sec Fig.l) has two tangential inlet holes
giving a hollow cone spray vwith a throughput of 60 gm/sec at a pressurc
of 7 atm(guuge). The nozzle was connected by two pipes to two containers
from which paraffin and water respectively could be fed by compressed
air; the ratez of flow were controlled by valves situated in the feed
pipes. The two liquids have diftcerent densitics and are of coeurse
imniscible. t was found that a ccoarsc mixture was produced where the
two ligquids met just sbove the swirl-plate of the nozzle, but a nwore
intimate mixturc was produced in the swirl chanber. To sarple the
mivture distribution across o section of the spray 36 test tubes werc
placed 14 cu below the nozzle, as shown in the diagram. The method of
determining the mixture distribution is described in Appendix I.

/Diagran
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2.2  EBxpcerinental Results

For the first test the mean ratio of paraffin to water was 1 to 1..4
by voluie. The mixture ratio inside and outside the spray cone at each
of cight points is showm in £ig.2: a shaded ficld of 1 rm indicales 1%
deficiency below the nixture ratic 1/1.4 and an unshaded ficld of 1 rm
1% excess of water above the mixture ratio 1/1.4. The average deviation
was 5.9%. Fig.2 also shows the nass distribution of the spray.

It was found that the shove deviation from the ncan mixture ratio
undergoes no substantial alteration when the swrface tension (soap
solution with surface tension 31 dynes/cen instead of water with snvline
tension 72 dynes/cu), or the density (CaCl, solution with dengity 1.25
gry/cc instead of water with density 1.0 gm;cc), or the mean nixturc rotin
(1/3 instead of 1/1.4) ie changed. Therc is overy reason, therefore, to
supposc that the pertoruance of this nozzle will be the same with paraf-
fin and nitric acid or with paraffin and hydrogen peroxide which is the
propellant combination used in combusticn tests. On the other hand, this
type of mixing nozzlc gives no better result than a nozzle delivering two
interpenctrating spray cones for fuel and oxidant vospeckively as the
mixture ratic is incorrect, but with interpenetrating sprays the correct
mixture ratio iz bound to be reached somewhere. This is true, however,
only for maicrcscepic mixing, and the nozzle tested may have the advantage
that the paraff'in droplets arc smaller than they would be if the parafiin
were ptomized geparately The droplet size can be estimated from the
microphctograph (fig,.}n) which was cobtained from an emilsion stabilized

-4 -
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by adding 0.1% soap to the water before the liquids were sprayed through
the nozzle. The paraffin droplets show up as white spots. Apart from a
few large drops, the droplets are about 0.0l mm or less in diameter, and
are smaller than those usually obtained from swirl nozzles. As it was
thought possible that the paraffin drops had been further divided on
impact with the walls of the pglass begker in which the emulsion was
collected, single drops werc caught on a glass slide at some distance
from the nozzle where their speed was lower. Out of more than 100 drops
examined under the microscopc, none werc found to consist of one liquid,
and all were of an emulsion finer than that shown in fig.3a. It is,
therefore, concluded that the large drops have been formed by recombina-
tion.

Single droplets werc not photographed because therc is always
movement inside them, and only a small part of a globule is sharply
def'ined under the microscope.

The results with this type of mixing nozzle may be summaerized as
follows: -

The mixture ratio is not uniform across the spray cone, but very
fine atomization is obtained. Owing to the unsymmetrical distribution it
is unlikely that nozzles of this type will give good results in very
small combustion chambers.

2.3 Characteristics of the Erulsion

Paraffin-water crulsions may be cither cmulsions of paraffin in
water or of water in paraffin. The white globules seen in the micro-
photograph arc paraffin droplets; this was established by making an
crulsion with coloured paraffin which yiclded coloured droplets in
colourless water.

Erulsions are strongly influenced by soaps; alkali soaps usually
yield paraffin-in-water crulsions. As sodiun soap was used as a stabi-
lizer, this suggests that the cmulsion might be paraffin in water. When,
however, no soap was used a paraffin in water emulsion was obtained which
was sufficiently stable to show that it could be readily diluted with
water, but not with paraffin; this means that paraffin is the dispersed
nmediun. The microscope also shows that the density of the small paraffin
globules is less than that of the surrounding water, as when the micro-
scope objective is raiscd, the "Beckes line" roves into the globules.

&) Existing Solid Cone Mixing Nozzles

Only one_reference to mixing nozzles has been found described in
the 1iterature3; in this article is described a solid cone nozzle with a
separate feed line to the axial jet. A solid cone nozzle is a hollow cone
nozzle with the addition of an axial jet which strikes the rotating fluid
and bresks it up just within the orifice. Although solid cone nozzles
have been known for a long time, this principle has not been used very
much for rocket motors. '

A solid cone would have the advantage of making better use of the
space in the combustion chamber and of providing more uniform distribution
of hydrogen peroxide in steam generators. It was thought desirable,
therefore, to examine the sprays from solid cone nozzles.

3.1  EBxperiments with a Solid Cone Nozzle with One Liguid

As in the previous experiments a nozzle from a steam generator was
used. An additional holc was drilled through the centre of the swirl
plate (soc fig.1l), and the distance from this plate to the orifice was
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adjusted so as to produce a uniform mass distribution in the spray cone.
It is difficult to make the distribution of the spray of a solid cone
uniform, and the effect of slight variations in design arc shown in fig.
L-7. To facilitatc comparison, the ordinates of the curves and those of
L-11 represcnting mass flow per unit arca have been reduced so that the
maxima have a valuc of unity.

One of the disadvantages of this type of nozzle is that it must be
made much mor¢ accuratcely than the usual hollow conc nozzle. Fig.5 and
fig.6 show the different forms of spray that were obtained from a similar
nozzle by altering thc length of the swirl chanmber by less than 1% i.c,
0.1 mm; fig.7 shows the spray from another solid conc nozzle in which the
axis of the central jet was inclincd at about 3:° to the orifice axis.
Becausc of' the influcnce of thesc small deviations, difficulties would
be encountered in manufacturing thesc nozzles, since cach nozzle would
have to be inspected, and in many cascs readjustient might be nccessary.
A comparison of the spray from a hollow cone nozzle (f£ig.8) and that from
a solid cone nozzle (fig.l)) show that the improvement in mass distribution
appears to make it worth while to usc the solid conc nozzle for certain
applications, such as hydrogen peroxide steam gencrators, despite the
closcr manufacturing limits rcduired. It is important, espccially in
stecam generators, that the hydrogen peroxide is distributcd cvenly on
the surface of the catalyst, ond the solid cone nozzle should be botter
than & number of hollew conc nozzles.

A disadvantage of the solid cone nozzle is that the drops produced
by it arc larger than thosc from a hollow cone nozzle. To measurc the
drop size a mechanical shutter device was uscd to collect a sample of

drops (sce Appondix II). It was found that the drops from the solid

conec nozzle (fig.lb) were bigger than drops from the simple swirl nozzle
(fig.la) without o contral jet. The measurcment of drop size is described
in Appendix II. The relatively large size of the drops is o drawback
when the propellants are atumized separatcly, but it is probably of less
importance when the propellants have been mixed to an cmulsion before
atomization.

Vhere big drops are a drawback but it is desirable to use a solid
cone, a double conc nozzle, which has been proposed by W. Kretschmer, con
be used with advantoge, This nozzle delivers twe hollow spray cones
similaor to those used for mixing oxidant ond fuel insidc the combustion
chamber, but in this casc the apex angle of the inner cone is smaller
than that of the outer cone, so that the two concentric cones interfere
only slightly with onc another. The spray pattern of fig.9 was obtained
from a double cone nozzle of this type. The distribution of the spray
can be nade more unifornm if the difference between the apex angles of the
cones is reduced, and a still ncarcr approach tc uniformity can be ob-
tained if the inner cone is nade solid. This type of nozzle, is similer
to a single solid cone nczzle cxcept that the spray round the periphery
of the cone, which forms o large part of the total, is finer.

3.2 Experiments with a Solid Cone Nozzle used as a Mixing Nozzle

In order to use the solid cone nozzle as a mixing nozzle it was
necessary to nodify the epparctus so that the central jet and the tan-
gential holes could be fed from scparate containers. A nozzle of this
type was made (scc f£ig.12); poraffin was fed through the ecentral jet and
water through the outer annulus and the pressure of the central jet was
adjusted to give n uniform spray. The mixing cffcet was feirly good.
Fig.10 shows that the central paraffin jet is distributed throughout
the cone, but thot the mixture ratio paraffin/water decrcascs from tho
centre to the periphery. On the whole, “therefere, the mixing effect of
this nozzle is not as good es that of a swirl nozzle in which both liquids
are fed through tangential holes.
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As denser liquids tend to reach the outside of the spray cone,
mixing might be better if the central jet were water, and paraffin were
fed through the tangential holes. This method was tried and, as can be
seen from fig,1l, the distribution of each liquid was different from
that in the previous test (fig.10) but the mixing was no better.

L New Type of Mixing Nozzle

The spray from an ideal mixing nozzle should be a fine emulsion,
and the mixture ratio should be the same in all parts of the spray.
These two factors are of vital importance, since combustion occurs very
near to the orifice of the mixing nozzle. This has proved to be the case
with nitric acid and paraffin.

From the foregoing experiments it is clear that it is possible to
meke emulsions by means of swirl nozzles and when these emulsions are
collected in a container they arc found to be very fincly divided and
appear to be homogeneous, though the mixture ratio of the two liquids
varies for samples of cmulsion taken from different points of the spray
cone. :

Although tests showed that solid cone nozzles were not as good
mixing devices as swirl nozzles it scemed possible that they could be
improved by drilling additional holes at an angle to the main axis. This
modified nozzle, adjusted to give the corrcet mixture ratio is the basis
of the new type of mixing nozzle described below.

4.1 Experimental Nozzle Design

In order to investigate a wide range of throughputs, two sizes of
nozzle were designed. As a basis for experiment the following throughputs
were chosen for 10 atm. feed pressure for both ligquids.

Nozzle A émedium size) throughput 1000 gm/sec %2.2 %3/sec)
Nozzle B (large size) throughput 5000 gm/sec (11 1lb/sec)

Each nozzlc was made with threc differont values of g (the semi
included angle) 15°, 30° and 60° respectively for the swirl chamber.
The complete nozzle consists of easily interchangeable parts of light
alloy. A section of the nozzle is shown in fig.1l4 and the photograph,
fig.15, shows the medium sizec nozzle (B = 150) in operation at a pressure
of 10 atm (gauge). The tangential inlet holes into the swirl chamber
were drilled through a jig in such a way that both liquids are forced to
swirl round in the same direction; the water comes from the outside and
the paraffin from the middle. In every case the swirl chamber was made
of such a length that the outlet orifices were the same size for nozzles
of the same size group regardless of the value of g. The feed pressures
were measured on large diameter pipes very near to the nozzle. At the
highest throughput (5000 gm/secc) the velocity was only 1.9 m/sec in the
pipes and so the loss of pressure head was less than 0.02%.

L.2 Expcrimental Results

Tests were carried out at 5 and 10 atm feed pressures with both
sizes of nozzle and the threc different swirl chamber angles. The apex
angle of the spray cone, 2a, was measurcd on the photographs taken during
the spray tests. In order to cxamine the performence test tubes were
placed under the nozzlec which was arranged to spray vertically downwards
as shown on pagc 4. Samples were taken at different points of the spray
conc and the ratio of water to paraffin was determined as described in
Appendix I. To examine the emulsion another sample was collected in a
large beaker from which a samplc was taken with a pipette and placed
between two slides for examination under the microscope. Microphotographs
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were taken of the emulsion in some cases, but owing to the lapse of time,
vhich occurs before a photorraph can be taken and the consequent recom-
bination of the paraffin droplets, it was found better to Jjudge the
quality of the cmulsion by observation through a microscope. All the
microphotographs werc similar to that shown in fig.3a although the
emulsion is slightly coarser for a fced pressurc of 5 atm than of 10 atm.
The only exception was an cmulsion obtained from nozzle A with g = 60°%;
a microphotograph of this emulsion is shown in fig.3b. This emulsion is
seen to be coarscr than that from other nozzles.

L series of tosts were mede to determine the mixture ratio distri-
bution for nozzles A and B and the results are summarized in Table I
from which it is clear that neczzles with anglc B = 30 are the most
suitable for use as mixing nozzlecs. The detailed results are given in
Appendix III.

Table I

Deviation from average mixturc ratio of emlsion

70 Deviation from jAverage Liixturc Moan Deviation
Nozzle Nozzle Ratio of Bmulsion % from Average
ingle | (Feed Pressure (Feed Pressure | Mixture Ratio
B 5 Kg/si.om. ) 10 Kg/sq.om. ) of Enulsion
159 0.4 i 0.9
A 309 0.9 0.9 0.9
60° 0.2 T 7 1.0
15° 2.8 3.3 2.7
B 30° 1.7 0.2 1.0
600 3ol el 5.3

4.3 Calcula’ions on Optimum liixing Nozzlc

Calculations were made by H. H. Treutler of this department to
take into account the mechanical variables of the mixing process in
order to design the optimum mixing nozzle; the mathematical discussion
is included as Appendix IV of this note. For this purposc the centri-
fugal acceleration ag; of the mixturc and the total acceleration a
at varying spray conc anglcs a were calculated for differcnt nozzle
anglcs g. The corresponding ccntrifugal "velocity" |::|.c]dt and total

"velocity" |/ !a|dt were obtained by integration. The values of
accecleration and "velocity" as a function of the spray cone angle g
are plotted in fig.16 for the threc cone angles g. The curves show
wide variation in shape sc it should be possible to determine experi-
mentelly which of the four voriables has a deecisive offect on mixing.
As has alrcady been pointed out, of the nozzles tested those with

= 30° give the best results, but to obtain a final decision on the
effect of the four variobles a large number of experiments would be
necessary; since effcetive mixing has already been obtained this pro-
gramme of work has nct been underteken. If, however, mixing nozzles
beceome gtandard couipment this work would be of great importance in
cffecting further improvement to the design.

5 Conclusions

The cxperiments described in this noto show that a fine emulsion
of fuel and oxidant con be made in a small space. It is, therefore,

(6]
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considered worthwhile pursuing work on the use of emulsions, and it is
proposed that this should be done in two stages. Firstly, the combustion
of individual droplets of emulsion should be examined in the laboratory
to determine whether their rate of combustion is greater than that of
separate droplets of fuel and oxidant. A few experiments have already
been made, but the work requires special safety focilities which are not
at present available. Secondly the performance of motors with mixing
nozzle burners should be compared with motors using separate injection
system for the fuel and oxident in order to determine whether a smeller
value of the characteristic length

¥ = combustion chanber volume
throat arca

can be obtained by the first typc of injection system than by the second.

REFERENCES
No. Author Title, etc.
& Joseph Lucas Research Characteristics of Swirl Atomizers
Laboratcries Report No. L2671 (1947).
2 Joseph Lucas Research Characteristics of Swirl Atomisers
Laboratories Report No. L1258 (1944).
3 Houghton, H.C. Chemical Engineers' Handbook 1941,
2nd edition pp 1984 - 1994. Spray
Nozzles.
L Joseph Lucas Resecarch Comments on Delft Report No. 658 on
Laboratories Swirl Atomiszers.

Report No. L2717 (1947).
5 Houghton, H.G., and Papers in Physical Occanography and
Badford, W.H. Mcteorology Vol.VI No.4. Microscopic

lMcasurement of the Size of Natural
Fog Particles.

Attached

Drgs. RP. 179 - 184
Negs. 83787 - 83788

Advance Distribution

M.0.S. R.AE.

P/DSR(A) Prin. Dir. Sci. Res Dircetor

ADSR(Gen) Ass. Dir. Sci. Res DIRLAE(W)

D Eng. RD G Weapons

DGWRD Chem Dept. :

ADGVRD Library 2

TPA3/TIB 180




L__nsi=aos S
Technical Note No. R.P.D.19

APPENDIX I

Determination of Mixture Ratio in the Spray

In order to determine the mixture ratio test tubes for taking
samples were placed under the nozzle. These tubes had sharp edges, and
small measured quantities of hydrochloric acid were filled into them in
order to make the emulsion separate quickly and to fill the round bottom
of the tube. The heights of the paraffin and water were then measured
by means of a rule.

This method was useful for rough estimations, but was not good
enough for exact measurcment, mainly because the water/paraffin interface
in the tube was not clear. For exact measurements samples were taken
with the same test tubes clean and ary. Immediately after spraying the
samples werc poured into pyknometers and then the mixturc ratio was
determined from the density of the samples. This method proved to be
very accurate and the density could be determined at any convenient time,
as the total volume of the emulsion does not change when the cmulsion
'is partly or completely separated.

The percentage of water in the emulsion is given by the following
expression:

100 (4, - 4.)
%HO0 = Clalla

. dﬁzo—dp

where dg is the density of the cmulsion
is the density of the paraffin
and QH20 is the density of the water.

w: 1O =
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APPENDIX II

Drop Size of Spray from Solid Cone Nozzle

The spray from a solid cone nozzle looks much more coarse than
that of a hollow cone nozzle. The Chemical Engineers Handbook? says:
"The hollow cone nozzle usually yields a somewhat smaller range of drop
size than the solid cone nozzle", (no figures are given); this was
confirmed by measuring drop sizes from sprays of the simple nozzle with
and without ccntral jet (fig.lb and la). From fig.13 it will be seen
that the solid cone spray comprises much larger drops than the hollow
cone spray at the same feed pressure. It should, however, be pointed
out that no alteration was made on the tangential inlet holes, the
throughput was, therefore, higher for the solid cone than for the hollow
cone and a higher throughput at the same feed pressure usually produces
bigger drops. Nevertheless, it is clear that the size distribution for
these two types of nozzles is differcnt.

The above measurement was taken by means of a spray sampling device,
consisting mainly of a spring operated shutter, below which a slide of
glass coated with vaseline was placed. Immediately after spreying, an
enlarged photograph was made from the slide. The diamcters obtained from
the photograph were multiplied by O.8 because according to Houghton and
Badfordd® the flattening coefficient for weter resting on vaseline is
0.8 + 0.04. The flattening coefficient, which is the ratio between the
true diameter of the globulec and the cbscrved diameter, depends on the
contact angle between the drop and the slide-surface and is independent
of the drop size for drops up to about 1 mm in diameter.

5 3 s
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APPENDIX ITI

Mixture Ratio Distribution for Experimental Nozzles

The results of tests on experimentalnozgzlos A and B for two
different injection pressures and three different nczzle angles are given
in Table II which shows the average percentage of water and the deviation
from the average percentage of water at different points of the spray.

Table II

Deviations from average emlsion mixture ratio

for experimental nozzles

Nozzle A Nozzle B
Nozzle Feed Average Deviation Average Deviation
Angle Pressurc 4 from from
8 (kg/cm?) of water | Average ¥ | of water Aversge
of water

+0.1 -1-5
81.9 +0. 3 Fds 7
-1.0 +2e ?

-0.2

+0, 9

(0]

=-0.7
15° 10 80.5 +2. 4 85.6 -7.9
+lao "‘l- :).
+1.1 40.9
+0.3 +2.9
N P

""3| 2

-1.8

"‘Oo

80, 3 -1.1

+0. 7

+0.5
30° 5 794 +1. 3 86.7 +0.9
-0.8 +0.8
g 06 -501"'
R T 4
30° 10 77.6 -0.2 86.8 -0, 2
+0, 2 +0, 1

8l.2 +0. 4

+lu 9

-0.8

"‘la 5
60° 5 73.8 -0,2 83.9 5.7
+0. 2 +2.6
+2.0
60° 10 The 7 +3.5 83.3 =2.8
1.9 -1.9
-lo 5 +‘,+o7

-0.1
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For each test the average percentage of water in the spray was
taken from all the samples collecteod during the test. Two figures of
the average percentage of water for cne nozzle indicate that two tests
have been mede on the nozzle. In columns L and 6 are given for nozzles
A and B respectively the dcvistions from the average percentage of water
for each series of tests. TVhern the f'igurez in colwmns L4 or 6 for one
nozzle are scparated by o horisonial line this indicatos that the samples
were taken at points in the spray conc of right angles to one another.
In all cases the first figurs relater to the inside edye of the cone and
the last to the outer cdpc. Additional fipures indicate samples taken
at equal intervals acrosg the acne.

Although the mixture ratio distribution Tor nozzle 4 (g = 609 is
fairly gool this noznle seems to be unsuitable for use as a mixing
nozzle becsuse the emulsion is comrse. The other two nozzles of' this
size (B = 15° and f = 30%) show no difference in the quality of the
emulsion produced and their mixture ratio distribution charscteristics
arc almost identical. Foth nozzles can be considercd satisfactory. The
moximum deviation from the average wixture ratio was 1.9% for nczzle A
(B = 30°) =nd slightly greater than that for nozzle A (B = 15°), hence
the former may be rocommonded for further cxperiments. The Joseph Lucas
Rescarch Laboratorics have also deeided to use simple swirl nozzles with

B = 309k,

For the B series of norzles with o throughput of 5000 gm/sec
(11 1b/sce) that for which 8= 60° shows the worst mixture ratio distri-
bution characteristics. 'lhe one big deviation of 7.9% for g = 15° is
probably an experimental error, as the devistion is otherwise fairly
uniform. Hence the B nouzzles with § = 15° and B = 30° arc about equal
and almost as good as the smaller ones, Tt should alsc be noted that
in no case does the lighter cr heavier 1i wid tend to be inside or out-
side the spray cone; all deviations #rom the mean mixture ralio are quite
irregular.
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APPENDIX TV

Calculations on Optimum Mixing Nozzle
By

H.H. Treutler

1 Introduction

This work was originally undertaken at the suggestion of and in
conjunction with the late Dr. J. Schmidt of this Department. It deals
with the mixing of liquids by the action of a nozzle and details are
given of calculations based on various values of the nozzle angle. The
efficacy of the nozzle as a mixing device is assumed to depend on one
of four quantities and it is concluded that their order of importance can
be determined experimentally.

2 General Considerations

The problem is to force the liquids into one another, in other
words, the motion of the liquids relative to each other is to be acceler-
ated. Obviously usec will bc made of centrifugal acceleration by inject-
ing the liquids tangentially into the nozzle. A linear acceleration
moves all particles equally; it might, thercfore, be expected that
centrifugal acceleration is more important in mixing since it is not
constant all over a cross scetion of a nozzle.

A linear acceleration can, however, only be effccted by using a
force; in this casc the force used is the injection pressure; hence
substances differing in density have different linear accclerations.
Therefore, the total acccleration is more likely to be a measure of the
ef'fectiveness of the mixing. In addition, there is the possibility that
the mixing may be improved by allowing the acceleration to act for a
longer tirw: this suggests that the time integral of the acceleration
may be the decisive factor. On the other hand, centrifugal ncceleration
acting for a long period may redissolve different heavy substances.

3 Detailed Analysis

It is clear from the ebove that four cuantities can affect the
mixing. These are the centrifugal acceleration, the total acceleration,
the time integral of centrifugal acceleration and the time integral of
total acceleration. These four gquantities will now be discussed mathe-
matically in order to relate them to magnitudes measurable in experiments.
The symbols used in the discussion are indicated overleaf, ond are also
shown in the following diagrem.

/Diagram



oo i _
Technical Note No. R.P.D.19

Nuozzle .

mean radiue of inner and outer surface of cone at any point on axis

d difference of inner and outer radii
s axial distancc measurcd from base of cone towards orifice
P pressure drop from feed rescrveir to any point in cone
B = tan~t |- -:i—rgj neszle angle constant
u speed of rotation at any point
w lineer specd along cone axis at any point
&« = tan~l ;{- spray angle
2
P average density of liguids
W masy rate of flow of liquids

Suffix 1 refers to basc of nozzle cone
Suffix 2 rcf'ers to arifice of nozzle cone
The three following equations arc kncwn:

(w8 - w2) /28 = p (33
ur = constant (2)
w2rrd.p = W (3)
and also
tana = :—:L; = % (&)
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3.1 Centrifugal Acceleration

The centrifugal acceleration a, is given by:

[e]

u

a =
X

c
utilizing equations (1) and (4) we can write

ué = %Ep siny

also from equations (3) and (4) it follows that

i . 2zd J2 gp Vp cosa
w

whence

f

/g9
-E—PZ sinza cos o

Plotting ag against «, a maximum is found to occur at
a=54° 30' as shown in fig.16.

3.2 Total Acceleration

The total accelcration a is given by

2
e (dw\ (du] +&c2
at/ dt/
dw dw dr
—— - — 0 —
il dt dr ds
) W & 1
1mz d2 p2 ds r3

whence from equations (5) and (6)
a = vy3z & /-53—1- dosw o tan? B conla % sinhy
If a is plotted against a, a meximum is obtained only if

(%)2 £ 2 -v3

3.3 Time Integral of centrifugal Acceleration

The time integral of centrifugal acceleration is given by:

(5)

(6)

(7)
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1 dt ds dr
now dt = —_— — = d
fe %o ds dr dp o
Sid at / P 1

ds 2gp cosa

t
2
fmes e
whence /1 lag| &t = cotp kfr_dﬂ \vPs - !pl)sina tana  (8)
U D
£ |

3.4 Time Integral of Total Acceleration

The time intcgral of total acccleration is given by

L.
1/ la|at = /E&(ﬁag -fo1 )/ cot? B sina tanlq+l
\ p
%y (9)
4 Results
Taking Ky = J32 5 & \’83 pE/p
W
and K2 H\!J—:;g {jpz \Pl_)

to ty
i”r \

the dependence of the four quantitios sg, a. | |ag|dt and [ |a]at
£1 t1

on a and B is given by the four following cquations:

as = Kp sin%y cosa . (6)
P

a = Kp.tan?gcos?a + sin*qcosa (7)
o

/' |ag |4t = K, cotpsinatena (8)
il

7

2

'.l_" |B.‘ dt = K‘z -_".cot2ﬁ1 Sin:—lﬂt t3n2{x + 1 (9)
6

¢ " ag |dt o | %
The values of = , & ol 1%]% ; mari.l__l_
Kl K Kp Ko
a for B = 15°, 30° and 60° in fig.16. The curves differ so much that it
should be possible to determinc experimentally vhich of the four quan-
tities is the most important in the design of' a mixing nozzle.

are plotted against

=57 5
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FIG.3a.
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